This article contains a broad overview of etch process as one of the most important top-down technologies widely used in semiconductor manufacturing and surface modification of nanostructures. In plasma etching process, the complexity comes from the introduction of new materials and from the constant reduction in dimensions of the structures in microelectronics. The emphasis was made on two types of etching processes: dry etching and wet etching illustrated by three dimensional (3D) simulation results for the etching profile evolution based on the level set method. The etching of low-k dielectrics has been demonstrated via modelling the porous materials. Finally, simulation results for the roughness formation during isotropic etching of nanocomposite materials as well as smoothing of the homogeneous materials have also been shown and analyzed. Simulation results, presented here, indicate that with shrinking microelectronic devices, plasma and wet etching interpretative and predictive modeling and simulation have become increasingly more attractive as a tool for design, control and optimization of plasma reactors.
Introduction
Nano-fabrication is important in many areas of modern science and technology and a lot of effort has been devoted to fabricating smaller and smaller patterns. Nanotechnology can be considered as a logical extension of microtechnology, a step toward further miniaturization. Moreover, nanotechnology is expected not only to reduce the dimensions of existing microdevices, but more importantly, to produce objects and materials with fundamentally novel properties [1] [2] [3] [4] [5] . It is shown that nano-effects can occur everywhere both in simple materials as well as in complex biological structures making nanotechnologia unique filed of research. The expectations of what nanotechnology will achieve in the future range from quantum computers, ultra strong materials, localized diagnostics of ICs during their manufacture, localized treatment of materials and assembly of nanostructures, self-cleaning fabrics, and information storage and retrieval to drug delivery to individual cells and implantable biosensors, etc. [6] [7] [8] [9] [10] [11] [12] [13] .
There are two fundamental approaches in nanotechnology [14] . The so-called "top down" approach encompasses processes of scaling down micro sized structures to the nanoscale, using etching and photolithography. There are several possible useful top-down nanotechnolo-gies for industry such as ultraviolet lithography, electron beam lithography which implementation requires enormous technical challenges to be overcome. The antipod of the top-down -the so-called "bottom up" approach represents the building up of nanostructures atom by atom, or molecule by molecule. There is a wide range of materials that can be engineered by bottom-up techniques such as, for example, nanotweezers, nanomorors, pattering, quantum dots. At some point in the development of nanotechnology the top-down and bottom-up approaches will merge into a variety of nanofabrication technologies.
The original idea for the development of nanotechnology arises from the microelectronics and its applications in computer systems. According to this manufacturing concept, the smaller the elements of the circuit are, the higher is the computing power of the system. The submicron structures typically found in microelectronics components can only be economically produced using different plasma processes [15, 16] . The nonequilibrium generation of reactants by plasmas enables the selective etching, deposition, implantation, removal, and cleaning of materials and surfaces required to fabricate microelectronics devices [17] . Moreover, the recent development of micro-technologies for micro-electro-mechanical systems (MEMS) and microoptical electro-mechanical systems (MOEMS), as well as the reduction of critical dimensions in microelectronics well below 100 nm together with increased complexity of the processors requiring a number of interconnect layers, has brought out the need to develop plasma processes able to etch small features with very high aspect ratio (10-100) [18] .
As already pointed out, evolvement of manufacturing technologies for nanoelectronics and MEMS devices for advanced computing and sensing applications represents significant challenges [19, 20] . Modeling and simulation of the fabrication processes, extensively used by the microelectronics industry, offer significant advantages in meeting these challenges [21] [22] [23] [24] [25] . For the small sizes of contact holes and trenches as found in new generation technologies (45 nm and 32 nm) that are now being developed and for further development of even smaller structures it has become necessary to model realistically feature profile evolution and surface roughness during the manufacturing processes. To address some of these needs, we are developing a new algorithm for a three-dimensional (3D) profile evolution simulation during etching process [26] [27] [28] . Since the simulation package that was developed and used have been well documented in previous publications (see, for example, Ref. [27, 28] ), so only a basic ingredinets of the method will be given here.
The most important ingredients of the etching profile simulation procedure are: the profile surface movement via level set method [29, 30] , particle fluxes calculations using Monte-Carlo method [31] and the electric field (generated by the profile charge) calculations on the basis of the finite elements method [32] . The energy and angular distribution functions of the charged particles above the wafer have been calculated by PIC/MCC code [33] [34] [35] [36] . The plasma simulation data will be used as the boundary conditions for the calculations of ion fluxes incident on the profile surface. Finite difference method cannot be used when the geometry of the problem is irregular, as it is usual for the etching profiles, so the calculations of the electric field generated by the profile charge are performed by integrating a finite element solver in our simulation framework [37] . Here, in addition to showing some simulation results obtained taking into account a profile charging calculations for the fixed profile surfaces, the time dependence of the profile charging during SiO 2 etching in plasma for various feature aspect ratios has been analyzed.
Micro and Nano Electro Mechanical systems (M(N)EMS)
belong to a rapidly expanding field of semiconductor fabrication technologies for producing micro and nano scale mechanical, electric, optical, fluidic and other devices. The inherently multi-physical and multi-disciplinary design of M(N)EMS devices requires new design methodologies including the integration of modeling, design and simulations. Actually, one of the most important tasks of M(N)EMS manufacturing process is certainly refined control of etched profiles. Despite the wide application, the simulation of etching for M(N)EMS devices has been so far a partial success only, although a great number of commercial and academic research tools devoted to this problem are developed. In this paper, our simulation results for the profile evolution during anisotropic wet etching of silicon based on the level set method are also presented [38] .
Having in mind that new technologies for etching would be etching of low k organic materials, we have carried out some preliminary simulations of the porous materials. Finally, three dimensional simulations based on the level set method have been performed in order to study the influence of the isotropic etch process on dynamics of the roughening and smoothing of the substrates. The obtained results clearly demonstrate the opposite effect of the same etch process on the surfaces made of different materials indicating that surface roughness could be reduced by the isotropic etching.
Level set method
In the level set method, the surface of interest at a certain time t can be represented as the zero level set (with respect to the space variables) of the level set function ( x). The initial surface is defined by x| (0 x) = 0. The evolution of the surface in time is caused by "forces" or fluxes of particles reaching the surface in the case of the etching process. The velocity of the point on the surface normal to the surface the so called velocity function is denoted by V ( x). For the points on the surface this function is determined by physical models of the ongoing processes; in the case of etching by the fluxes of incident particles and subsequent surface reactions. The velocity function generally depends on the time and space variables and we assume that it is defined on the whole simulation domain. At a later time t > 0, the surface is as well the zero level set of the function ( x) and can be defined as a set of points {x ∈ | ( x) = 0}, leading to the level set equation:
This equation relates the time change to the gradient via the velocity function. In the numerical implementation procedure, the level set function is represented by its values on grid nodes and the current surface must be extracted from this grid, while a suitable initial function (0 x) has to be defined first. The natural choice for the initialization is the signed distance function of a point from the given surface obtained by multipling the common distance function by −1 or +1 depending on which side of the surface the point lies on. As already stated, the values of the velocity function depend on the physical models. In the actual numerical implementation spatial derivatives of are represented using the Engquist-Osher upwind finite difference scheme, or by ENO (higher-order essentially non-oscillatory) and WENO (weighted essentially non-oscillatory) discretizations, that requires the values of this function at the all grid points considered. The resulting semi-discrete equations can be solved using explicit Euler method, or more precisely by TVD (total-variation diminishing) Runge-Kutta time integration [29, 30] . All approaches for solving level set equations are based on using some sort of adaptive schemes. The most important methods are narrow band level set method [29] (widely used in etching process modeling tools) and recently developed sparse-filed method [39] (embedded in medical image processing ITK library [40] ). The sparsefield method employs an approximation to the distance function that makes it feasible to recompute the neighborhood of the zero level set at each time step. In that way, it involves the narrow band strategy to the extreme computing updates on a band of grid points that is only one point wide. The width of the neighborhood is such that derivatives for the next time step can be calculated.
Such approach has several advantages. The algorithm does precisely the number of calculation needed to compute the next position of the zero level set surface. The number of points being computed is so small that it is feasible to use a linked-list to keep a track of them, so at each iteration only those points are visited whose values control the position of the zero level set surface. As a result, the number of computations increases with the size of the surface, rather than with the resolution of the grid. In fact, the algorithm is analogous to a locomotive engine that lays down tracks before it and picks up them up behind. The equation (1) can be expressed in the form of Hamiltonian-Jacobi equation:
with Hamiltonian function H = V ( x| ( x)|) [41] , which is convex (in ) if the condition is satisfied:
with representing a partial derivative of ( x) with respect of . The non-convex Hamiltonians are characteristic for simulations of the plasma etching and deposition processes, when the surface velocity function depends on the geometric characteristics of the profile surface itself, i.e. on the angle of incident of the incoming particles, or surface orientation in the crystal in the case of wet etching process used in MEMS production. In the case of non-convex Hamiltonians, the upwind (ENO, WENO) difference scheme cannot be applied. Instead, the simplest useful scheme is the Lax-Friedrichs, one which relies on the central difference approximation to the numerical flux function, and preserves monotonicity through a second-order linear smoothing term [29, 30] . As already described in Ref. [27] , it is possible to use the Lax-Friedrichs scheme in conjunction with the sparse field method, and to preserve sharp interfaces and corners by optimizing the amount of smoothing in it. This is of special importance in the simulations of the etching processes in which spatially localized effects appear, like notching and microtrenching. All the calculations are carried out on 128 × 128 × 384 rectangular grid. The initial profile surface is a rectangle deep with dimensions 0 1 × 0 1 × 0 1 µm. From the top of the tranch reagion, the particles involved in etching process come from, while bellow is the non-etched material. The actual shape of the initial surface can be described using simple geometrical abstractions. In the beginning of the calculations this description is transformed to the initial level set function using fast marching method [29] .
Dry etch process
In microelectronics, the challenge is to pattern features with micrometer dimensions or less, with an etching process highly uniform on a large scale, highly anisotropic, and highly selective with respect to mask and underlying material. Achievement of the required critical dimension control means operating the plasma at low pressure. In a similar way, deep trenching requires high rate directional etching, which means again, low pressure and high density plasma, in addition to high selectivity to the mask. To obtain an accurate pattern transfer, it is therefore most desirable to avoid any drifts in the etching mechanism as the feature is opened. This means in particular that fluxes of active species (atoms, radicals, ions) and temperature remain stable at the bottom of the feature in the course of etching.
The property of the non-equilibrium plasmas that the ions are at a room temperature while the electrons are at high temperatures is the basis for high resolution etching that has provided us with all the submicron technologies. In a low pressure gas, plasma is produced by the transferring electrical power to the medium. Electrons, to which most of the power is transferred, gain enough energy to initiate under collisions with atoms and molecules, processes such as excitation, ionization and dissociation. Atoms, radicals and ions, which are produced in this way, are at the origin of further reactions and, as a consequence, the plasma phase is generally a very complex mixture of chemical species [42] .
Dry etching that uses reactive plasmas in the semiconductor processing technology field [43, 44] is a complex process involving several elementary processes or mechanisms: physical sputtering, chemical etching and ion enhanced chemical etching. Chemical or so-called "spontaneous" etching is the result of the interaction of reactive free radicals with the surface is depicted in Figure 1 . Since the pure chemical etching velocity does not depend on the incident angles, the calculations were performed with constant velocity function V = V 0 = 5 nm/s. Generally speaking, the mechanism of chemical etching consists of three elementary steps: adsorption of reactive species on the surface and dissociation if it is a molecule, etch products formation (chemical reaction) and etch products desorption. In a spontaneous etch process, these steps proceed without the need for activation by ion bombardment. Besides enhancing the chemical etch, ions also play a crucial role in removing non-volatile by-products or etch products that require an activation energy to desorp from the surface. The removal of by-products and their redeposition onto the feature sidewall is the major reason why by plasma etching one can obtain anisotropic profiles as shown in Figure 2 . Results were obtained for the simplest form of the angular dependence, when the etching rate is proportional to V = V 0 cos θ, where θ is the angle between the surface normal and the direction of the incoming particles. In this case we expect that the horizontal surfaces move downward, while the vertical ones stay still. This figure shows that it with optimal amount of smoothing gives minimal rounding of sharp corners, while preserving the numerical stability of the calculations. Actually, this is one of the most delicate problems in the etching profile simulations. Flux of ions is primarily responsible for the etch anisotropy in plasma etching [28] . In general an increase in ion energy flux leads to a better anisotropy. On the other hand, when a surface is exposed to ion bombardment, atoms and molecules can be ejected. This mechanism known as sputtering is illustrated in Figure 3 and achieved by using the velocity function in the form V = V 0 (1 + 4 sin 2 θ) cos θ. Physical sputtering is a non selective phenomenon which means that materials of different nature can be sputtered at similar rates. The goals of any plasma etch process are to achieve high etch rate, uniformity, selectivity, controlled shape of the microscopic features etched (anisotropy), and no radiation damage. Selectivity can be accomplished by the need to have chemical etching as a key process, while the anisotropy is due to the fact that the chemical etching is enabled by fast positive ions. If we etch by using Reactive Ion Etching (RIE), the etch will be very anisotropic since the side walls are not hit by the ions unless they are scattered. Simultaneously radicals cover both the bottom and the sidewalls of the trench. Actually, etching represents a much more complex process involving redeposition, polymerization and, also, the ions usually deposit most of their energy deep inside the substrate and what they ac- tually do is to mix the atoms from a relatively thick layer of the substrate. High etch rate is desirable to increase the process throughput (wafers/h). However, etch rate must be balanced against uniformity, selectivity, and anisotropy [28] . Uniformity refers to achieving the same etch characteristics (rate, wall profile, etc.) across the wafer. Also, plasma uniformity is needed to avoid nonuniform charging of the wafer which can lead to electrical damage. Selectivity refers to the relative rate of etching of one material with respect to another. Etch processes must be selective with respect to the mask and the underlying film. The mask must not be etched, otherwise the desired pattern will be distorted. Selectivity with respect to the underlying layer is particularly important when that layer is thin (gate oxide), or when the process uniformity is not good. The shape of the microscopic features etched into the wafer is of paramount importance. Often, anisotropic (vertical) sidewall profiles are required, perhaps with some roundness at the bottom of the feature. Radiation damage refers to structural damage of the crystal lattice or, more importantly, to electrical damage of sensitive devices caused by plasma radiation (ions, electrons, UV and soft X-ray photons) [45] . Charging of insulating materials within a micro feature can lead to pattern distortion (notching), or highenergy ion bombardment can lead to structural damage of the top atomic layers of the etched film.
Charging effects
Plasma charging, first reported by Yoshida in 1983 [46] is attributed to the electron shading mechanism [47] . This effect leads to a number serious plasma process induced damage problems such as bowing, trenching, reactive ion etching lag, and notching [48] . Surface charging has been a subject of numerous papers [49] [50] [51] including charging induced damage in [52] [53] [54] [55] [56] . Since the finite difference method is not useful when the geometry of the problem is irregular, the finite elements method has been used for solving Poisson equation describing the electric field in the feature. This method requires remeshing before each flux calculation step. In three dimensions, it can be very difficult and time consuming. The electric field calculations were performed for the profile shown in Figure 2 , for V = V 0 cos θ, by integrating a general finite element solver GetDP in our simulation framework. GetDP is a thorough implementation of discrete differential forms calculus, and uses mixed finite elements to discretize de Rham-type complexes in two and three dimensions. Poisson equation can be written in the form:
where φ(r) and (r) are the unknown electrostatic potential and an arbitrary test function, respectively. Dielectric permittivity function is labeled by ε(r), while the profile surface charge density ρ (r) is obtained in the particle fluxes calculation step and the calculation domain Ω is a hexahedron. On top and bottom surfaces zero Dirichlet conditions (φ(r) = 0) are imposed, while on vertical sides Neumann symmetry boundary conditions (n∇φ(r) = 0) are applied. Electrostatic potential distribution and the electric field on the profile surfaces are displayed in Figures 4 and 5, respectively. As expected, the maximum values of the potential at the bottom of the profiles are somewhat bigger than the average ion energy (see Figure 4) . As can be observed from Figure 5 the corresponding electric field vectors on the profile surface lead to the resulting field which will stimulate creation of undercutting (notching) by directing the ions toward sidewalls [28, 37] . At the very the top of the trench the field accelerates the ions downward, but it quickly changes direction towards the bottom. The reduction in the device size and multilayer structures requires a high-aspect ratio AR (the ratio between the height and width of the trench) in the SiO 2 etching [57] [58] [59] . With increasing the aspect ratio, the charging effects becomes more profound. In addition charging of the bottom may generate the potential of the gate of the FET that will cause breakdown and damage the FET itself. Damage to integrated circuits during manufacturing as a result of charging of the dielectrics during finalization of interconnects is both reducing the profitability and re-ducing the ability to reach large sizes of microchips and make complex system integration on a single chip. So, realistic three dimensional etching profile simulations that include charging effects are urgently requested. As the aspect ratio increases, the bottom electrostatic potential also increases as demonstrated in Figure 6a , which is in accordance with the results taken from Ref. [56] . The time dynamics of the potential at the bottom during plasma etching can be followed form Figure 6b . The electric potential at the bottom of the feature reaches its steady-state value after ∼ 1 ms for the smallest aspect ratio up to ∼ 5 ms for the highest.
Anisotropic wet etching of silicon
Wet etching represents a simple technology, that provides good results if the combination of etchant and mask material corresponding to the application of interest is found. Wet etching works very well for etching thin films on substrates, and can also be used to etch the substrate itself. The problem with substrate etching is that isotropic processes will cause undercutting of the mask layer by the same distance as the etch depth. Anisotropic processes allow the etching to stop on certain crystal planes in the substrate, but still results in a loss of space, since these planes cannot be vertical to the surface when etching holes or cavities. Anisotropic wet chemical etching is still the most widely employed processing technique in silicon technology because of a few reasons: First, the cost of wet etching systems is much lower than that of plasma types and also certain features can only be realized using anisotropic wet etching [60] . Second, very complicated three-dimensional structures can be created by this technique via controlled undercutting of suspended structures, not possible by other microfabrication techniques. The anisotropy of the etching process is actually the orientation dependence of the etch rate [38] . It is accepted that the origin of this macroscopic anisotropy in the etching process lies in the crystal site-specificity of the etch rates at the atomistic level. Etching rate anisotropy in silicon is modeled including full silicon symmetry properties, by means of the interpolation technique using experimentally obtained values for the etching rates along thirteen principal and high index directions in KOH solutions (as described more details in Ref. [38] ). Potassium hydroxide (KOH) is the most common and the most important chemical etchant due yo its excellent repeatability and uniformity in fabrication and its low production cost. In an ideal M(N)EMS design environment, it would be of great importance first to simulate the fabrication process steps in order to generate three dimensional geometrical models, including fabrication-dependent material properties and initial conditions. As illustration of such model, we have shown three-dimensional simulations of the anisotropic wet etching of silicon in the case of cross aperture (see Figure 7 ) and cross island (see Figure 8 ). Both masks contain not only concave but convex corners, also. It can be seen that typical undercutting faceted shape beneath convex corner appears. Formation of the V-shaped cavities consisting only of slow {111} planes is reproduced correctly in both cases.
Surface roughness and porous materials
Roughness reflects interaction between a real object and its environment. Although roughness is usually undesirable, it is difficult and expensive to control it during manufacturing process. In practice, decreasing the roughness of a surface will usually increase exponentially its manufacturing costs. This often results in a trade-off between the manufacturing cost of a component and its performance in application. therefore, present and future applications of nanocomposite materials in nanotechnology require a better control surface roughness (meaning both reduction and possibly also controlled increase of roughness to achieve nanostructuring) [61] . Roughness reflects interaction between a real object and its environment. Although roughness is usually undesirable, it is difficult and expensive to control it during manufacturing process. In practice, decreasing the roughness of a surface will usually increase exponentially its manufac- turing costs. This often results in a trade-off between the manufacturing cost of a component and its performance in application. therefore, present and future applications of nanocomposite materials in nanotechnology require a better control surface roughness (meaning both reduction and possibly also controlled increase of roughness to achieve nanostructuring) [61] .
As the feature size becomes size becomes narrower and narrower, surface roughness evolves into a critical factor in estimating whether plasma etching may be used in the same way that it has been used previously covering feature dimensions ranging from the nano to the micro in microelectromechanical, electronic and photonic devices [61] . In principle surface roughness should not exceed 10% of the size of the feature and with critical dimensions shrinking towards 20 nm it is essential to reduce the roughness to less than 2 nm. Simulation of the roughening of the nanocomposite materials during isotropic etching is shown in Figure 9 . In our calculation, the nanocomposite materials consist of two phases with different etch rates (the ratio of the two etch rates is and the abundance of one phase is ) (polymer and graphite nanoparticles) randomly distributed and represented by 3D cubic lattice. On the other hand, results presented in Figure 10 clearly demonstrate the opposite effect of the same etch process on the nanostructure made of homogenous material, pointing that the isotropic etching can be used for smoothing of the roughed surface. As can be noticed, an ideal smooth surface can not be obtained by applying isotropic etch process only [62] .
The need to increase the speed of the processors and memory units lead to the need to reduce the effective dielectric constant of the dielectric that is used for the interconnects. In that sense, three approaches are considered: porous materials, low-k inorganic and low-k organic compounds [63] . In this paper, we present some results connected with porous materials that are found in all classes of materials, from microporous zeolite ceramics, to mesoporous metals, to macroporous polymers, with a wide range of applications, from structural materials to energy technologies. Recent advances in porous materials include the development of nanoporous metals by selective dissolution and their use in catalysis, and phase separation methods to make porous ceramics. Furthermore, pore sealing and the deposition of a thin continuous copper diffusion barrier on a porous dielectric are of prime importance. In addition it addresses some of the needs for improved metrology for determining pore sizes, size distributions, structure, and mechanical properties. Our 3D simulations of the etching of porous structures are given in Figure 10 . The porous material is modelled by randomly distributed random radius empty spheres. Preliminary results presented in Figure 10 show how the isotropic etching of the porous material will result in a roughed surface.
Conclusion
The plasma equipment industry is an integral part of the electronics industry and has experienced dramatic growth in recent years because of the increasing use of plasma processes to meet the demands of fabricating devices with continually shrinking dimensions. This paper presents results of our efforts in the field of the plasma processing of materials, a technology that impacts and is of crucial importance to the largest manufacturing industries, especially to the electronics industry, in which plasma-based processes are indispensable for the manufacture of very large-scale integrated (VLSI) microelectronic circuits. Applications of plasma-based systems used to process materials are diverse because of the broad range of plasma conditions, geometries, and excitation methods that may be used. The scientific underpinnings of plasma applications are multidisciplinary and include elements of electrodynamics, atomic science, surface science, computer science, and industrial process control. Because of the diversity of applications and the multidisciplinary nature of the science, scientific understanding lags technology. Thus, some paragraphs of this paper are devoted to the plasma processing of electronic materials and, in particular, the use of plasmas in fabricating microelectronic components. Furthemore, damage to ICs during manufacturing as a result of charging of the dielectrics during finalization of interconnects is both reducing the profitability and reducing the ability to reach large sizes of microchips and make complex system integration on a single chip. All processes requiring energetic ion-assistance, such as SiO 2 etching, suffer from differential charging since directionality and flux inside the feature will be affected as the feature depth.
On the other hand, MEMS represents an enabling technology allowing the development of smart products, augmenting the computational ability of microelectronics with the perception and control capabilities of microsensors and microactuators and expanding the space of possible designs and applications. Therefore, anisotropic wet etching of silicon is also considered and illustrated by some interesting examples.
Three-dimensional simulation results, displayed here, confirm that simulations can and do have an engineering impact in unit process and process integration development. Development of a comprehensive modeling tool that includes both plasma model and a model of the development of the etched structures together with calculation of the surface potentials is a necessary aid in research and in engineering. A large range of possible processes may be included if one wants to simulate processes of relevance for nanotechnologies. One such process would be high aspect ratio low-k dielectric etching, the other possibility would be to study nanoroughness that would limit applicability of plasmas in nanotechnologies.
